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1.0  INTRODUCTION 


With  the  emergence  of  advanced  propulsion  systems  such  as  liquid  propellant, 
electrothermal-chemical,  conventional  hypervelocity,  and  inbore  ramjet,  the  measurement  of 
combustion  phenomena  has  become  more  complex.  The  data  associated  with  these  systems  can 
be  rich  in  high-frequency  components  and  share  similar  transient  behavior.  Figure  1  shows  a 
pressure  versus  time  (p-t)  plot  of  the  combustion  chamber  pressure  of  a  regenerative  liquid 
propellant  gun  (RLPG)  and  a  conventional  solid  propellant  gun,  respectively.  The  difference  in 
these  two  p-t  histories  is  obvious.  The  RLPG  p-t  plot  exhibits  high-frequency  pressure 
fluctuations  that  can  be  as  high  as  100  kHz.l  Conversely,  the  solid  propellant  p-t  history 
exhibits  a  much  lower  frequency  spectrum  -  typically  less  than  5  kHz.  Though  the  RLPG  data 
are  presented  here  as  an  example,  they  are  not  unique  in  their  frequency  content.  Several  of  the 
propulsion  technologies  mentioned  also  exhibit  similar  high-frequency  characteristics. 

It  has  been  demonstrated  that  the  pressure  measurement  techniques  associated  with  the 
characterization  of  the  quasi-steady-state,  or  mean  pressure,  of  conventional  solid  propellant 
combustion  phenomena  are  adequate  to  characterize  the  mean  pressure  in  the  RLPG.  However, 
this  technique  is  not  adequate  to  accurately  characterize  the  high-frequency  oscillatory  portion  of 
the  RLPG  combustion  process,  as  noted  by  the  pressure  transducer  manufacturers.2-3 
Consequently,  the  accuracy  of  pressure  and  acceleration  measurements  in  combustion  chambers, 
barrels,  and  onboard  projectiles  has  been  compromised.  The  measurement  inadequacies  were 
caused  by  the  lack  of  a  fundamental  understanding  of  the  effects  of  the  mounting  configuration 
and  the  mechanical  and  electrical  components  of  the  transducer  on  the  integrity  of  the 
measurement,  and  the  disregard  for  the  transducer  manufacturer  recommendations  for  mounting 
transducers  to  acquire  high-fidelity  data.2'3  Current  combustion  chamber,  gun  tube,  and 
onboard  projectile  measurements  required  to  characterize  the  response  of  system  components  to 
these  highly-transient,  spectrally-rich  combustion  environments  may  be  inadequate. 
Subsequently,  the  technical  understanding  of  the  physical  processes  involved  in  the  ignition  and 
combustion  of  such  advanced  propulsion  systems  and,  therefore,  their  development,  may  be 
compromised. 
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Figure  1.  (a)  Regenerative  Liquid  Propellant  Gun  Combustion  Chamber  Pressure-Time  History 
and  (b)  Conventional  Solid  Propellant  Gun  Combustion  Chamber  Pressure-Time 


2.0  INTERIOR  BALLISTIC  PRESSURE  MEASUREMENT  METHODOLOGY 


The  techniques  used  to  calibrate  ballictic  pressure  transducers  and  to  measure  interior 
ballistic  combustion  pressure  in  conventional  solid  propellant  guns  and  simulators  are  generally 
well  known  and  accepted.2'3, 12-13  Many  researchers  make  use  of  piezoelectric  pressure 
transducers  mounted  in  standard  two-diameter  pressure  transducer  ports  to  quantify  the 
combustion  pressure.  Thermal  protective  material  is  used  to  protect  the  transducer  from  the  very 
high  temperature  combustion  environment.  This  procedure  has  been  well  documented  and  is 
considered  reliable  for  quantifying  combustion  phenomena  with  a  relatively  low-frequency 
spectra  (<  5kHz).  However,  the  data  associated  with  some  advanced  propulsion  systems  can  be 
rich  in  high-frequency  components.  Consequently,  there  are  two  distinct  parts  of  the  pressure 
measurement  that  must  be  considered:  the  quasi-steady-state  portion  and  the  oscillatory  portion. 
The  technique  just  described  is  adequate  to  characterize  the  quasi-steady-state  portion  of  the 
combustion  pressure,  but  severely  biases  the  oscillatory  portion  due  to  frequency  limitations 
imposed  by  the  transducer-mounting  technique. 

In  1992  Dr.  G.A.  Benedetti  of  Sandia  National  Laboratories  (SNL)  put  forward  both  a 
theoretical  and  experimental  explanation  of  this  phenomenon.4  To  make  a  good  measurement, 
the  system  requires  a  flat  response  (P0ut/Pin=1)  over  the  frequency  range  of  interest  associated 
with  the  input  signal.  This  implies  that  the  natural  frequency  of  the  gage  port  cavity  and  the 
transducer  must  be  significantly  higher  than  the  highest  frequency  of  interest  in  the  input  signal 
(i.e*,  ^natural  cavity  ^  5  finput  signal)- 

Figure  2  shows  the  steady-state  pressure  response  spectrum  for  a  two-diameter  gage 
cavity  (shown  in  Figure  3).  In  the  figure,  to  is  the  frequency  of  pressure  oscillation  at  the  gun 
tube  wall  and  con  is  the  first  undamped  natural  circular  frequency  for  the  cavity.  As  one  can  see, 
at  about  20%  of  the  resonant  frequency,  the  magnitude  of  P0ut/Pin  begins  to  be  amplified  At 
frequencies  near  the  resonant  frequency,  the  input  signal  will  be  severely  amplified.  At 
frequencies  significantly  higher  than  the  natural  frequency,  the  input  signal  will  be  severely 
attenuated.  As  one  would  expect,  this  would  have  a  profound  effect  on  the  fidelity  of  the  data  if 
the  resonant  frequency  of  the  transducer  cavity  is  low  with  respect  to  the  range  of  input 
frequencies  of  interest  Given  the  relatively  low  first  natural  frequency  of  a  standard  two- 
diameter  pressure  transducer  port  filled  with  grease  or  hot  combustion  gas  (fn  about  40  kHz 
assuming  speed  of  sound  is  about  1000  m/s), ^  there  is  no  doubt  that  the  frequency  content  of 
such  high-frequency  pressure  data  are  biased  above  8  kHz.  Experimental  data  put  forward  by 
the  ARL  also  verified  this  phenomenon.^ 
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Figure  2.  Steady-State  Pressure  Response  Spectrum  for  a  Two-Diameter  Gage  Cavity. 

During  a  1993  JANNAF  Combustion  Subcommittee  Workshop  entitled  "Measurement 
Techniques  in  Highly-transient,  Spectrally-rich  Combustion  Environments,"  a  procedure  to 
accurately  resolve  both  the  quasi-steady-state  and  the  oscillatory  portion  of  the  spectrally  rich 
data  was  put  forward  and  agreed  to  by  representatives  of  the  gun  propulsion  instrumentation 
community.^  The  recommended  procedure  is  outlined  in  Figure  3. 
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*  Use  both  two-diameter  ports  with  grease  and  one-diameter  ports  without  grease 

*  Use  low-pass  filtered  pressure-time  history  from  two-diameter  port  to  define  the  "quasi- 
steady-state,"  or  mean  pressure 

*  Use  pressure-time  history  from  the  one-diameter  port,  with  mean  pressure  (and  likely 
thermal  drift  effects)  removed,  to  define  the  oscillatory  pressure 
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Quasi-steady-state  (mean)  pressure 
2286  mm  (0.090  in)  offset 
Mechanically  stable  transducer 
■  Grease  for  thermal  protection 


-  Oscillatory  pressure 

-  ^  0.762  mm  (0.030  in)  offset 

-  Well  characterized  transducer 

-  No  grease  (likely  extime  thermal  drift) 


Figure  3.  Recommended  Procedure  to  Be  Implemented  When  Characterizing  Both  the 
Quasi-Steady-State  and  Oscillatory  Portions  of  a  Spectrally  Rich  Combustion 
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This  procedure  is  intended  to  alleviate  the  frequency  response  limitations  of  the  standard 
pressure  transducer  mounting  technique.  However,  it  requires  the  experimentalist  to  take  at  least 
two  pressure  measurements  in  order  to  accurately  characterize  both  the  mean  pressure  and  the 
oscillatory  pressure.  Implementation  of  this  procedure  has  improved  the  quality  of  the  data,  but 
more  research  must  be  completed  to  determine  if  there  are  any  additional  effects  associated  with 
the  highly  transient,  spectrally  rich  combustion  environments  on  the  integrity  of  interior  ballistic 
pressure  measurements.  To  this  end,  the  ARL  initiated  a  program  to  investigate  several 
fundamental  issues  yet  unresolved  by  the  measurement  community.  The  objective  of  this 
program  was  to  characterize  the  effects  of  transducer  type,  transducer  port  configuration, 
thermal  protection  medium,  and  severe  mechanical  forces  on  the  amplitude  and  frequency 
content  of  the  pressure  measurement. 

3.  EXPERIMENTAL  SETUP 

A  substantial  amount  of  work  has  been  done  to  evaluate  the  integrity  and  response  of 
various  pressure  transducers  in  shock  tubes.7-8  These  tests  have  generally  lacked  the  severe 
thermal  and  mechanical  conditions  actually  present  in  the  interior  ballistic  environment.  At  the 
ARL,  a  series  of  tests  were  performed  in  a  120-mm  cannon  to  characterize  the  effects  of 
transducer  type,  transducer  port  configuration,  thermal  protection  medium,  and  severe 
mechanical  forces  on  the  amplitude  and  frequency  response  of  the  pressure  measurement.  All 
pressure  measurements  at  locations  other  than  the  2.6-m  down-bore  location  were  taken  with 
Kistler  621 1^  and  E30MA^  transducers.  Pressure  measurements  taken  in  the  2.6-m  down-bore 
position  were  made  using  primarily  Kistler  607C42  piezoelectric  pressure  transducers.  The 
Kistler  6211  and  the  E30MA  were  used  in  this  study  because  they  are  currently  under  evaluation 
for  ballistic  pressure  measurements  at  ARL  and  ATC.8  Conversely,  the  607C4  pressure 
transducer  was  evaluated  because  of  its  use  in  the  30-mm  RLPG  program  at  the  ARL.  Alternate 
pressure  transducers  and  filling  materials  were  used  in  some  of  the  tests  and  will  be  specifically 
noted  as  discussed.  In  every  case,  the  data  were  recorded  using  a  data  acquisition  system  with  a 
digitization  rate  of  1  MHz  per  channel.  Table  1  outlines  the  pressure  transducer  locations  in  the 
chamber  as  well  as  down  the  tube.  All  measurements  were  taken  from  the  rear  face  of  the  tube, 
and  the  angular  positions  are  determined  from  a  frame  of  reference  looking  down  range  with  a 
counter  clockwise  rotation. 
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Table  1.  Pressure  Transducer  Locations 


Transducer  Designation 

Axial  Location 

Angular  Location 

cm  (in) 

(degrees) 

P1L 

9.5  (3.75) 

40 

P1R 

9.5  (3.75) 

300 

P3L 

48.9  (19.25) 

60 

P3R 

49.9(19.25) 

350 

P7 

229.2  (90.25) 

330 

P100 

254.3  (100.13) 

0 

PA 

260.4(102.50) 

0 

FB 

260.4  (102.50) 

288 

PC 

260.4  (102.50) 

216 

PD 

260.4(102.50) 

144 

PE 

260.4  (102.50) 

72 

P8 

305.4  (120.25) 

30 

Of  special  importance  is  the  ring  of  five  pressure  transducer  ports  (72°  apart,  denoted 
PA-PE)  that  were  machined  2.6  m  from  the  rear  face  of  the  gun  tube.  The  physical 
configuration  of  the  transducer  ports  at  this  location  consisted  of  three  single-diameter  ports  with 
varying  stand-off  distances  (dimension  lp),  a  conventional  two-diameter  port,  and  a  blind  port 
(shielded  from  the  gas  pressure  by  0.66  cm  (0.260  in)  of  steel).  All  five  of  these  pressure  ports 
were  specified  to  be  machined  for  a  Kistler  607C4  pressure  transducer.  Figure  4(a)  shows  the 
configuration  of  the  single  diameter  ports  (PA-PC)  and  4(b)  shows  the  configuration  for  the  two- 
diameter  port  (PE).  Figure  4(c)  shows  the  actual  dimensions  and  the  theoretical  cavity  natural 
frequencies  calculated  from  the  following  equations.^ 


Two-diameter  cavity  natural  frequency: 


f  —  Co  /  Ap  . 

27 ziVdp  ’ 


where  Ap  = 


ndX  ,  -0-635  )4 

4  4 


and  4=C+0.010-Zc 


*C0  is  the  speed  of  sound  in  the  cavity  (approximately  330  m/s  in 
air,  1,000  m/s  in  combustion  gas,  and  5,000  m/s  in  grease) 


Single-diameter  cavity  natural  frequency: 
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The  equation  used  for  the  natural  frequency  of  the  single-diameter  ports  is  the  equation 
for  the  natural  frequency  of  a  pipe  closed  at  one  end.  It  is  acknowledged  that  this  equation  may 
not  hold  for  a  pipe  with  a  very  small  length  to  diameter  ratio  (L/D)  such  as  in  this  case. 
However,  since  there  is  no  known  experimental  data  to  either  support  or  refute  the  applicability 
of  this  equation,  it  is  viewed  as  a  reasonable  first  approximation  to  the  natural  frequency  of  the 
single-diameter  gage  cavity. 
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C0  =  97,500  cm/sec  (38,400  in/sec)  for  these  calculations 
*two  seals  used  due  to  machining  error. 


(c) 

Figure  4.  (a)  Configuration  of  Single-Diameter  Pressure  Ports  (PA,  PB,  PC),  and  (b) 

Configuration  of  Two-Diameter  Pressure  Port  (PE),  and  (c)  Dimensions  and  Natural 
Frequencies  of  Associated  Pressure  Transducer  Cavities. 
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As  the  projectile  passed  the  longitudinal  position  2.6  m  down  tube,  the  pressure 
transducers  (PA-PE)  were  exposed  to  a  transient,  high-temperature  environment.  This  impulse 
allowed  the  investigators  to  study  the  fidelity  of  the  resultant  pressure  measurement  taken  under 
transient,  high-temperature,  mechanically  adverse  gun  conditions.  Strain  measurements  were 
also  taken  at  this  location  in  an  attempt  to  correlate  the  incidence  of  the  shock  wave  traveling  in 
the  barrel  to  the  incidence  of  the  gas  pressure  wave  behind  the  projectile.  In  addition,  the 
combustion  chamber  of  the  weapon  was  highly  instrumented  with  pressure  transducers  in  an 
attempt  to  evaluate  the  effects  of  various  transducer  types  and  thermal  protection  greases  on  the 
magnitude  of  the  chamber  pressure.  A  15-GHz  microwave  interferometer  was  used  to  determine 
projectile  displacement  and  subsequent  velocity  at  any  time  during  the  interior  ballistic  cycle. 

Since  identical  interior  ballistic  performance  was  desired,  a  well-characterized  charge 
and  a  projectile  (Figure  5)  were  used.  The  charge  was  designed  to  achieve  a  pressure  level  of 
400  MPa  in  the  combustion  chamber  and  200  MPa  at  2.6  m  down  the  bore  using  a  propellant 
with  a  flame  temperature  of  3,400  K.  The  projectile  was  chosen  because  it  has  been  well 
characterized  and  makes  use  of  a  standard  obturator  for  the  fielded  120-mm  weapons  system.  A 
narrower  obturator  band  configuration  would  have  been  more  desirable  to  allow  a  more  abrupt 
uncovering  of  the  gage  ports  down  tube.  However,  the  time  and  cost  associated  with  designing 
and  testing  a  new  obturator  for  this  projectile  would  have  gone  beyond  the  scope  of  this 
research.  As  will  be  shown  in  the  experimental  data,  the  band  proved  to  cause  an  interesting 
dynamic  effect  on  the  transducers,  while  still  producing  the  desired  step  function. 


Figure  5.  120-mm  Test  Projectile. 
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Sixteen  rounds  were  fired  with  the  same  charge  and  projectile  weight,  thus  producing 
nearly  identical  interior  ballistic  performance  in  all  cases  (projectile  velocity  at  2.6  m  nominally 
1260  m/s).  After  each  test,  every  transducer  was  removed  from  its  respective  gage  port.  Both 
the  gage  and  the  gage  port  were  thoroughly  cleaned,  new  grease  was  placed  on  the  face  of  the 
gage  (when  used),  and  the  gage  was  retorqued  to  the  manufacturer's  specifications.  The 
manufacturer’s  torque  specifications  were  20  ft-lb  force  for  the  Kistler  607C4s,  PCB  1 19M43s, 
and  the  E30MAs;  and  7  ft-lb  force  for  the  Kistler  621  Is.  Steel  seals  specified  by  the 
manufacturers  were  used  in  each  case. 


4.0  RESULTS  AND  DISCUSSION 

4J_Effects  of  Obturator  Configuration  on  the  Pressure  Measurement.  The  first  step  in 
analyzing  the  pressure  data  for  subtleties  due  to  pressure  port  configuration,  thermal  protection 
media,  and  mechanical  stimulus  is  to  make  sure  that  the  location  of  the  projectile  during  the 
interior  ballistic  cycle  is  well  known.  This  information  is  used  to  more  accurately  interpret,  and 
subsequently  explain,  any  subtleties  observed  in  the  experimental  data. 

A  15-GHz  microwave  interferometer  was  used  to  determine  the  location  of  the  projectile 
as  it  travelled  down  the  gun  tube.  Each  cycle  of  the  interferometer  signal  is  equivalent  to 
1.00409  cm  of  projectile  travel.  Figure  6  shows  a  plot  of  the  interferometer  signal  and  the 
combustion  chamber  pressure.  As  the  pressure  in  the  chamber  increases,  the  projectile  begins  to 
accelerate  and,  subsequently,  the  frequency  of  the  interferometer  signal  increases.  If  one  counts 
the  cycles  of  interferometer  data  from  onset  of  projectile  motion,  the  projectile  location  can  be 
determined  at  any  point  in  time.  Consequently,  the  position  of  the  projectile  with  respect  to  the 
down  bore  pressure  transducers  can  be  accurately  determined. 

Figure  7  shows  a  comparison  of  the  microwave  interferometer  data  and  the  down  bore 
pressure  transducers  PA,  PB,  and  PC.  If  one  counts  the  interferometer  cycles  from  the  onset  of 
projectile  motion  until  the  small  perturbation  (precursor  wave  at  the  face  of  the  projectile)  in 
pressure  noted  as  point  A  in  Figure  7,  one  will  find  that  the  projectile  has  moved  177.7  cm. 
Before  firing,  the  distance  from  the  front  of  the  projectile  to  the  ring  of  pressure  ports  (PA-PE) 
is  actually  178.3  cm.  The  microwave  interferometer  data  correlates  the  projectile  location  to  the 
actual  measured  distance  within  0.5  cm.  This  error  can  easily  be  explained  through  measuring 
errors,  or  more  likely  errors  associated  with  choosing  the  start  of  projectile  motion,  which  can  be 
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6.  Microwave  Interferometer  and  Combustion  Chamber  P-t  Histories  for  Round  10. 
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To  meet  the  objectives  of  this  series  of  tests,  the  perfect  obturator  would  have  provided  a 
condition  under  which  the  transducers  were  covered  by  the  obturator  until  the  projectile  passed 
the  transducer's  location.  At  this  time  the  transducers  would  be  exposed  to  a  gas  pressure  step 
function.  By  looking  at  the  down  bore  pressures  PA,  PB,  and  PC  in  Figure  7  (Round  10,  no 
thermal  protection),  it  is  very  obvious  that  this  was  not  the  case  in  these  tests.  In  fact,  there  was 
a  definite  pressurization  of  all  three  gages  at  15.44  ms  and  then  pressure  was  partially  relieved 
before  all  three  gages  responded  simultaneously.  This  is  the  case  for  all  16  rounds  fired. 

It  is  important  that  the  physical  processes  occurring  during  this  time  are  well  understood 
before  any  observations  concerning  any  subtle  differences  in  the  three  measuring  systems  can  be 
made.  There  are  approximately  21.5  cycles  of  interferometer  data  from  the  passage  of  the  front 
of  the  projectile  (point  A  in  Figure  7)  to  the  start  of  pressure  rise  on  PA,  PB,  and  PC  (point  B  in 
Figure  7).  This  correlates  to  21.59  cm  (8.5  in).  By  inspecting  the  drawing  of  the  projectile 
shown  in  Figure  5,  it  is  clear  that  the  nylon  obturator  would  begin  to  pressurize  the  transducer  at 
21.59  cm  (8.5  in)  from  the  front  of  the  projectile.  It  is  important  to  note  the  location  of  the 
transducers  PA,  PB,  and  PC  with  respect  to  the  obturator  diameter.  The  diameter  of  a  120-mm 
gun  tube  is  12  cm  (4.724  in).  The  distance  that  the  transducers  are  offset  from  the  combustion 
gas  [lp  in  Figure  4(a)]  is  0.0254  cm  (0.010  in),  0.0711  cm  (0.028  in),  and  0.160  cm  (0.063  in), 
for  PA,  PB,  and  PC,  respectively.  This  means  that  the  nylon  band  could  actually  pressurize  the 
transducers  PA  and  PB  since  they  are  within  the  outside  diameter  of  the  obturator;  and, 
conceivably,  PC  since  it  is  within  0.0483  cm  (0.019  in)  of  the  outside  diameter  of  the  nylon 
band.  The  data  presented  in  Figure  7  support  this  assertion.  In  addition,  it  appears  that  the  three 
transducers  begin  to  simultaneously  rise  about  26.5  cycles  from  the  passage  of  the  projectile 
front  (15.483  ms,  point  C  in  Figure  7),  which  corresponds  to  26.62  cm  (10.48  in)  from  the  front 
of  the  projectile.  Referring  once  again  to  Figure  5,  it  is  approximately  26.67  cm  (10.5  in)  from 
the  front  of  the  projectile  to  the  groove  on  the  inside  of  the  nylon  obturator.  Based  on  this 
information,  it  appears  that  the  obturator  band  broke  at  the  location  of  the  groove  on  the  inside 
surface  of  the  band. 

The  analysis  of  the  other  shots  in  the  series  demonstrate  similar  simultaneous  rise  of 
pressure  at  about  26.62  cm  (10.5  in)  from  the  front  of  the  precursor.  Figure  8  shows  the 
microwave  interferometer,  PA,  PB,  and  PC,  respectively,  for  Round  14.  This  round  had  exactly 
the  same  instrumentation  as  Round  10,  except  for  the  pressure  transducer  used  in  position  PB 
was  a  PCB1 19M43  instead  of  a  Kistler  607C4.  The  data  from  this  round  also  demonstrates  die 
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assertions  that  the  nylon  band  actually  pressurized  the  single-diameter  transducer  ports  and  that 
the  obturator  band  broke  at  the  location  of  the  groove  on  the  inside  surface  of  the  band.  Though 
the  nylon  pressurization  varies  slightly  from  shot  to  shot  (presumably  because  of  machining 
differences  in  the  obturator  band  and  small  perturbations  in  ballistics),  the  basic  assertions  of 
nylon  pressurization  and  a  nearly  simultaneous  rise  to  a  quasi-steady-state  pressure  level  are 
consistent  on  PA,  PB,  and  PC  on  each  of  the  16  tests.  Based  on  the  fact  that  the  data 
demonstrated  that  the  transducers  responded  to  the  gas  pressure  in  a  consistent  manner  after 
being  pressurized  by  the  nylon  obturator,  it  is  postulated  that  the  overshoot  and  oscillatory 
fluctuation  that  occurs  at  peak  pressure  can  be  analyzed  as  if  a  perfect  obturator  were  used, 
subsequently  exposing  the  transducers  to  a  pure  gas  pressure  step  function. 


XO  .  CM 

TIME 


Figure  8.  Microwave  Interferometer  and  Down-Barrel  P-t  Histories  for  Round  14. 

4.2  Effects  of  Pressure  Port  Cavity  Depth  on  the  Pressure  Measurement.  As  noted  earlier,  the 
pressure  measurement  community  has  agreed  that  the  use  of  conventional  two-diameter  pressure 
ports  limit  the  frequency  response  of  the  measurement  to  6-8  kHz.  In  addition,  it  was 
recommended  that  single-diameter  ports  with  a  cavity  depth  0.762  mm  (0.030  in)  or  less  be  used 
to  characterize  the  oscillatory  portion  of  the  pressure  measurement.^, 6  j0  date,  no  known 
experimental  gun  data  has  been  put  forward  that  compares  the  validity  of  pressure  measurements 
taken  when  varying  depths  of  single-diameter  pressure  port  cavities  are  used.  A  portion  of  the 
120-mm  test  plan  was  dedicated  to  studying  the  effects  of  pressure  port  cavity  depth  on  the 
integrity  of  the  pressure  measurement. 
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Figure  9.  Down-Barrel  P-t  Histories  for  Single-Diameter  Pressure  Ports  With  Varying 
Cavity  Depth  for  (a)  Round  7,  (b)  Round  10,  and  (c)  Round  14. 
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Based  on  the  conclusion  made  earlier  in  this  report,  the  remainder  of  this  analysis  will 
assume  that  the  measuring  system  would  respond  in  a  similar  manner  to  measurements  taken  in  a 
shock  tube  environment  That  is  to  say  that  there  would  be  a  very  high  rate  of  pressurization 
with  an  expectation  of  overshoot  and  ringing  based  on  the  configuration  and  components  of  the 
measurement  system.  In  addition,  the  assumption  is  made  that  the  "hand  picked"  (based  on  in- 
house  calibration)  Kistler  607C4  pressure  transducers  used  in  this  test  will  respond  consistently 
from  one  shot  to  the  next,  and  from  one  transducer  to  the  next.  Consequently,  it  is  assumed  that 
any  differences  exhibited  in  the  pressure-time  data  could  be  attributed  to  the  response  of  the 
pressure  transducer  cavity  (acoustic  cavity). 

Of  the  16  rounds  fired,  4  were  fired  without  grease  in  the  PA,  PB,  and  PC  pressure  ports. 
However,  results  from  Round  1  could  not  be  correlated  to  the  known  projectile  travel  profile 
and,  consequently,  the  data  will  not  be  used  in  this  analysis.  Therefore,  data  from  the  single¬ 
diameter  pressure  port  positions  from  Rounds  7, 10,  and  14  will  be  analyzed  and  are  shown  in 
Figure  9. 

In  each  of  the  three  tests,  the  pressure  rises  and  falls  due  to  the  nylon  obturator  band,  and 
then  rises  very  quickly  as  the  projectile  moves  past  the  pressure  transducers.  PA  [0.254  mm 
(0.010  in)  cavity  depth]  and  PB  [0.711  mm  (0.028  in)  cavity  depth]  exhibit  very  similar  levels  of 
"ringing  and  overshoot”  after  the  initial  peak  pressure  is  reached.  Conversely,  PC  [  1.600  mm 
(0.063  in)  cavity  depth]  qualitatively  exhibits  a  significantly  higher  level  of  ringing  than  either 
PA  or  PB.  In  an  effort  to  quantify  the  data  from  rounds  7, 10,  and  14,  ringing  was  defined  as 
the  oscillation  of  the  data  about  a  given  quasi-steady-state  level  just  after  peak  pressure.  The 
value  of  maximum  ringing  was  taken  from  the  plot  after  the  overshoot  was  complete.  This  was 
typically  on  the  second  cycle  after  the  high  pressure  peak,  or  the  maximum  peak-to-peak 
deviation  over  the  first  few  cycles  thereafter;  whichever  was  greater.  The  percentage  values  for 
ringing  outlined  in  Table  2  were  arrived  at  by  dividing  the  peak-to-peak  level  of  ringing  by  the 
quasi-steady-state  level  for  each  channel. 
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Table  2.  Ratio  of  Magnitude  of  Ringing  to  Quasi-Steady  State  Pressure  Expressed  as  a 
Percentage. 


Test  Number  and  Pressure  Port  Configuration 

Ratio  of  Magnitude  of  Ringing  to  Quasi-Steady  State 
(expressed  as  a  percentage) 

R07PA  (1-diameter,  0.254  mm  cavity  depth) 

4.1  % 

R10PA  (1 -diameter,  0.254  mm  cavity  depth) 

3.0% 

R14PA  (1-diameter,  0.254  mm  cavity  depth) 

3.0  %  j 

Average  for  PA 

r  3.3  % 

R07PB  (1-diameter,  0.711  mm  cavity  depth) 

4.5% 

R10PB  (1-diameter,  0.711  mm  cavity  depth) 

1.7  %  ~1 

R14PB  (1 -diameter,  0.711  mm  cavity  depth) 

4.0% 

Average  for  PB 

3.4% 

R07PC  (1 -diameter,  1.600  mm  cavity  depth) 

15.6  % 

R10PC  (1-diameter,  1.600  mm  cavity  depth) 

8.3% 

R14PC  (1-diameter,  1.600  mm  cavity  depth) 

8.9% 

Average  for  PC 

10.9  % 

As  can  be  seen  from  the  table,  the  port  with  the  1.600  mm  cavity  depth  exhibits  an 
average  level  of  ringing  on  the  order  of  11  %  of  the  quasi-steady-state  pressure  level.  On  the 
other  hand,  the  ports  with  the  0.254-mm  and  0.7 1 1-mm  cavity  depths  exhibit  ringing  on  the 
order  of  3.5  %  of  the  quasi-steady-state  pressure  level. 


It  is  important  to  compare  these  values  to  the  mechanical  vibration/noise  experienced  by 
the  blind  gage,  PD,  located  at  the  same  longitudinal  position  in  the  tube.  Figure  10  shows  a  plot 
of  the  blind  gage  for  Round  14.  If  we  calculate  the  percentage  of  ringing  for  the  blind  gage 
with  respect  to  the  quasi-steady-state  level  of  pressure  in  the  tube  at  the  same  time  as  the  ringing 
on  the  single-diameter  pressure  port  data,  the  result  is  2-3  %.  It  is  reasonable  to  state  that  the 
single-diameter  ports  with  cavity  depths  of  0.254  mm  and  0.711  mm  exhibit  approximately  the 
same  amount  of  ringing  as  the  blind  gage.  The  origin  of  the  oscillation  is  not  known;  however, 
it  is  believed  to  be  linked  to  mechanical  vibrations  in  the  gun  tube  wall  and  or 
transducer/transducer  cavity. 
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Figure  10.  Round  14  Blind  Gage  (Shielded  From  Combustion  Gases). 

It  is  also  interesting  to  note  the  general  trend  in  the  overshoot  seen  in  most  of  the  tests.  As 
the  cavity  depth  gets  larger,  the  overshoot  increased  for  the  same  input.  In  fact,  PA  and  PB  do 
not  really  exhibit  large  overshoot  and  ringing  that  is  normally  associated  with  an  acoustical 
cavity.  They  tend  to  reach  a  peak  and  very  quickly  come  to  oscillate  around  a  quasi-steady-state 
value  with  a  nominally  constant  amplitude.  On  the  contrary,  PC  tends  to  reach  a  somewhat 
higher  peak  and  then,  in  some  cases,  exhibits  the  damped  oscillation  behavior  normally 
associated  with  an  acoustical  resonance,  before  oscillating  around  a  quasi-steady-state  value  with 
nominally  constant  amplitude. 

Recall  that  a  measuring  system  is  flat  to  approximately  20%  of  its  natural  frequency.  As  the 
frequency  of  the  input  signal  approaches  the  natural  frequency  of  the  cavity,  the  signal  would  be 
severely  amplified.  At  frequencies  significantly  higher  than  the  natural  frequency  of  the  cavity, 
the  signal  would  be  attenuated.  The  increase  in  peak  amplitude  would  be  expected  as  the  cavity 
depth  gets  larger  and,  subsequently,  the  cavity  natural  frequency  gets  smaller,  because  as  the 
input  wave  form  approaches  the  natural  cavity  frequency,  the  resulting  output  from  the 
measuring  system  would  be  to  amplify  the  signal.  This  could  possibly  explain  the  increase  in 
overshoot  with  increasing  cavity  depth.  This  may  suggest  that  somewhere  between  a  cavity 
depth  of  0.71 1  mm  and  1.600  mm,  there  is  a  transition  region  where  the  cavity  depth  begins  to 
play  a  more  important  role  in  the  frequency  response  of  the  measurement  system.  In  other 
words,  we  begin  to  move  from  a  "pancake"  cavity  where  L/D  is  not  so  critical  to  the  frequency 
response,  to  an  "organ  pipe"  cavity  where  the  cavity  depth  begins  to  play  a  much  greater  role  in 
determining  the  frequency  response  of  the  system. 
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These  data  do  not  appear  to  yield  much  information  concerning  the  application  of  the  organ 
pipe  equation.  They  do,  however,  support  the  theory  that  as  the  depth  of  the  single-diameter 
cavity  gets  larger,  the  natural  frequency  of  the  cavity  gets  lower  (not  necessarily  in  proportion  to 
Co/41).  Based  on  this  analysis,  which  is  consistant  with  the  agreement  reached  at  the  1993 
JANNAF  Combustion  Workshop,^  the  use  of  single-diameter  ports  with  cavity  depths  of 
0.254  mm  and  0.71 1  mm  will  more  accurately  characterize  the  oscillatory  nature  of  the  pressure 
measurement  than  would  the  use  of  a  single-diameter  port  with  a  cavity  depth  of 
1.600  mm. 

4,3JEffects  of  Thermal  Protective  Filling  Material  on  the  Pressure  Measurement  Traditional 
pressure  measurements  have  made  use  of  materials  such  as  grease  and  RTV  to  limit  thermal 
effects  on  the  pressure  transducer.  The  measurement  community  has  not  fully  characterized  the 
effects  of  such  gage  port  filling  materials  on  the  fidelity  of  pressure  measurement.  One  of  the 
major  problems  associated  with  the  use  of  grease  is  the  issue  of  keeping  the  grease  in  the  gage 
port  during  the  entire  ballistic  event.  The  initial  condition  before  the  shot  is  that  the  grease  is 
packed  into  the  gage  cavity.  However,  after  the  test,  the  grease  is  no  longer  in  the  cavity.  It  is 
not  known  when  the  grease  leaves  the  cavity.  As  noted  earlier,  the  frequency  response  of  the 
cavity  is  directly  proportional  to  the  speed  of  sound  in  the  cavity.  If  the  grease  leaves  the  cavity 
during  the  event,  the  speed  of  sound  would  most  likely  change,  which  would  have  a  profound 
effect  on  the  frequency  response  of  the  measuring  system.  Therefore,  it  has  been  recommended 
by  the  measurement  community^  that  when  frequency  response  above  6-8  kHz  is  desired, 
single-diameter  ports  with  cavity  depths  of  0.762  mm  (0.030  in)  or  less  and  no  filling  material 
should  be  used.  It  was  also  recommended  that  more  basic  research  be  done  to  evaluate  the 
effects  of  thermal  protective  filling  materials. 

To  this  end,  another  portion  of  the  120-mm  test  plan  was  designed  to  evaluate  the  effects  of 
different  greases  on  the  pressure  measurements.  The  same  instrumentation  setup  described 
earlier  in  this  report  was  used  with  the  exception  that  a  filling  material  was  put  in  PC  [1.600  mm 
(0.063  in)  cavity  depth].  Rounds  3, 6, 9,  and  12  were  completed  with  no  filling  material  in  PA 
or  PB,  and  a  different  filling  material  in  PC  for  each  test  A  summary  of  the  filling  material 
used  for  each  of  these  four  rounds  is  presented  in  Table  3.  In  each  case,  the  transducer  was 
removed,  grease  was  placed  on  the  face  of  the  transducer,  and  the  transducer  was  reinstalled  in 
the  tube  wall. 
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Table  3.  Filling  Materials. 


Test  Number  and  Port  Configuration 

Filling  Material 

R03PC  (single-diameter,  1.600  mm  cavity  depth) 

(1)  Dow  Corning  high  vacuum  grease-silicon  based 

R06PC  (single-diameter,  1.600  mm  cavity  depth) 

(2)  Wolfs  Head  #2917  grease-lithium  based  NLGI  #2 

R09PC  (single-diameter,  1.600  mm  cavity  depth) 

(3)  Pennzoil  #705  multipurpose  lubricant 

R12PC  (single-diameter,  1.600  mm  cavity  depth) 

(4)  Nonfluid  Oil  Corp.  ZL2  multipurpose  grease-lithium 
based  NLGI  #2 

The  pressure-time  data  for  Rounds  3, 6, 9,  and  12  are  presented  in  Figure  11.  In  each  of 
the  four  rounds,  the  filling  material  had  a  profound  effect  on  the  pressure  measurement  During 
the  event  that  was  earlier  assumed  to  be  solid  phase  impact  of  the  obturator  on  the  diaphragm  of 
the  transducer,  the  PC  pressure  responds  at  the  same  time,  or  later  than  PA.  The  variation  in  the 
rise  rate  of  PC  during  this  time  could  possibly  be  explained  by  the  different  properties  of  the 
filling  materials,  since  that  is  the  only  difference  between  Rounds  3, 6, 9,  and  12.  However,  PC 
reaches  peak  pressure  up  to  5  jiusec  before  both  PA  and  PB  once  the  projectile  has  passed  and 

the  gas  pressure  can  get  to  the  diaphragm  of  the  transducers.  Theoretically,  the  speed  of  sound 
in  the  filling  materials  will  be  on  the  order  of  five  times  higher  than  that  of  air.  It  is  very  hard  to 
estimate  this  increase  because  the  exact  conditions  in  the  cavity,  and  the  response  of  the  filling 
material  under  those  conditions,  are  unknown.  However,  a  factor  of  5  increase  in  the  speed  of 
sound  of  the  filling  material  would  only  increase  the  response  of  the  transducer  by  0.3  |isec 
(cavity  depth  divided  by  speed  of  sound  in  cavity;  0.0016  m  5,000  m/s  =  0.32  (isec). 
Obviously,  this  does  not  explain  the  difference  of  5  (isec  between  PC  with,  and  without,  filling 
material. 
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Figure  1 1.  Down-Barrel  P-t  Histories  for  Single-Diameter  Pressure  Ports  With  Varying  Cavity 
Depth  and  Cavity  Filling  Material  in  PC  for  (a)  Round  3,  (b)  Round  6,  (c)  Round  9, 
and  (d)  Round  12. 
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One  possible  explanation  can  be  found  when  we  look  at  the  strain  data  taken  on  the 
outside  of  the  gun  tube  wall  at  the  same  longitudinal  position  as  the  pressure  measurements. 
Figure  12  shows  pressure-time  data  for  PA,  PB,  and  PC  on  the  same  plot  as  the  strain.  As  can 
be  seen  in  the  figure,  the  strain  responds  much  earlier  to  the  dynamic  event  than  the  pressure 
gages.  There  is  some  pressure  fluctuation  on  PC  just  before  all  three  pressure  gages  respond 
together.  This  fluctuation  can  be  seen  on  PC  in  nearly  all  tests  in  which  filling  material  was 
used  (See  Figure  11)  and,  conversely,  does  not  show  up  on  PC  when  no  filling  material  is  used 
(See  Figure  9).  It  may  be  possible  that  the  dynamic  strain  wave  is  coupling  through  the  filling 
material  causing  an  earlier  rise  in  PC.  At  this  time,  this  theory  is  only  conjecture  and  its  validity 
is  unsubstantiated.  However,  a  modeling  effort  is  underway  to  attempt  to  further  study  this 
phenomenon.  The  other  problem  that  complicates  the  issue,  is  the  fact  that  we  know  the  filling 
material  leaves  the  port  sometime  during  the  event.  Based  on  this  data,  it  would  appear  that  the 
filling  material  left  the  cavity  sometime  after  peak  pressure  due  to  the  consistent  early  rise  of  PC 
for  all  filling  materials.  At  a  minimum,  this  data  shows  that  filling  material  has  a  profound 
effect  on  the  pressure  measurement  and  appears  to  cause  an  earlier  pressure  rise  than  can  be 
supported  by  projectile  location  determined  by  the  microwave  interferometer  data. 


Figure  12.  Down-Barrel  P-t  Data  and  Hoop  Strain  for  Round  9. 

It  is  also  important  to  look  at  the  effect  of  the  filling  material  on  the  issue  of  ringing  after 
peak  pressure  on  PC.  Figure  1 1  shows  quite  clearly  that  the  pressure-time  data  for  PC  in  all  four 
rounds  exhibits  more  oscillatory  behavior  than  PA  and  PB.  Table  4  shows  a  quantitative 
comparison  of  the  percentage  of  ringing  for  the  four  rounds  where  filling  materials  were  used. 
When  compared  to  the  quantitative  analysis  outlined  in  Table  2  for  the  same  experimental  setup 
(except  there  was  no  filling  material  in  PC),  the  results  are  very  similar.  There  does  not  appear 
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to  be  any  appreciable  change  in  the  amplitude  of  ringing  when  filling  material  is  used.  Based  on 
the  data  presented  in  Figure  1 1,  it  is  not  possible  to  draw  any  conclusions  concerning  the  effects 
due  to  the  differences  in  the  the  filling  materials.  It  is  important  to  note  that  the  Kistler  607C 
pressure  transdcuers  that  were  exposed  to  the  very  high  temperature  combustion  environment 
survived  quite  well.  During  testing,  only  one  gage  had  to  be  replaced  and  that  was  due  to  a  bad 
sealing  surface  on  the  gage.  After  firing,  all  the  gages  were  re-calibrated  and  demonstrated  good 

linearity  and  repeatability.  1^-13 


Table  4.  Ratio  of  Magnitude  of  Ringing  to  Quasi-Steady-State  Pressure  Expressed  as  a 
Percentage  for  Rounds  With  Filling  Material  in  Pressure  Port  Cavity  PC 


Test  Number  and  Pressure  Port  Configuration 

Ratio  of  Magnitude  of  Ringing  to  Quasi-Steady-State 
(expressed  as  a  percentage) 

R03PA  (1 -diameter,  0.254  mm  cavity  depth) 

2.9 

R06PA  (1 -diameter,  0.254  mm  cavity  depth) 

2.6 

R09PA  (1 -diameter,  0.254  mm  cavity  depth) 

1.9 

R12PA  (1 -diameter,  0.254  mm  cavity  depth) 

3.2 

Average  for  PA 

2.7 

R03PB  (1 -diameter,  0.711  mm  cavity  depth) 

2.6 

R06PB  (1 -diameter,  0.711  mm  cavity  depth) 

3.3 

R09PB  (1 -diameter,  0.711  mm  cavity  depth) 

3.4 

R12PB  (1-diameter,  0.711  mm  cavity  depth) 

4.4 

Average  for  PB 

3.4 

R03PC  (1 -diameter,  1.600  mm  cavity  depth) 

10.4 

R06PC  (1 -diameter,  1.600  mm  cavity  depth) 

12.4 

R09PC  (1 -diameter,  1.600  mm  cavity  depth) 

8.6 

R12PC  (1-diameter,  1.600  mm  cavity  depth) 

12.6 

Average  for  PC 

11.0  I 

4.4  Effects  of  Thermal  Protective  Filling  Material  on  the  Chamber  Pressure  Measurement.  The 
measurement  of  the  quasi-steady-state  pressure  in  the  combustion  chamber  of  large-caliber  guns 
has  become  a  routine  practice.  The  accuracy  of  these  measurements  is  important  to  charge 
design,  propellant  lot  comparisons,  and  weapon  fatigue  testing.  Over  the  past  few  decades, 
researchers  have  discovered  inconsistencies  in  pressure  measurements  when  different  types  of 
pressure  transducers  and  different  types  of  thermal  protective  filling  materials  were  used.14-17 
To  study  this  problem,  a  portion  of  the  study  was  designed  to  determine  the  effects  of  different 
thermal  protective  filling  materials  and  different  transducers  on  the  fidelity  of  the  quasi-steady- 
state  combustion  chamber  pressure  measurement. 
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Four  pressure  measurements  were  taken  in  the  combustion  chamber  of  the  120-mm  gun. 
Table  1  outlines  the  longitudinal  and  angular  location  of  pressure  P1L,  P1R,  P3L,  and  P3R.  As 
noted  in  the  table,  P1L  and  P1R  are  in  the  rear  of  the  chamber  at  the  same  longitudinal  position. 
P3L  and  P3R  are  located  in  the  forward  portion  of  the  chamber  at  the  same  longitudinal  position. 

The  objective  of  the  first  portion  of  this  test  was  to  establish  a  baseline  for  the  chamber 
pressure  measurements  using  the  standard  pressure  measurement  system  used  at  the  Range  18 
Large  Caliber  Test  Facility  of  the  ARL.  Kistler  6211  piezoelectric  pressure  transducers  and 
Dow  Coming  high  vacuum  silicone  grease  (as  the  thermal  protection)  was  used  in  each  of  the 
four  chamber  locations.  The  gages  were  removed  between  each  test.  Both  the  gage  and  the 
gage  port  were  cleaned,  and  grease  was  placed  on  the  end  of  each  gage.  The  gages  were  then  re- 
torqued  to  the  manufacturer's  specifications.  In  addition,  the  combustible  case  of  the  round  was 
drilled  in  the  location  of  the  pressure  gages  to  allow  the  combustion  gases  to  more  easily  reach 
the  diaphragm  of  the  respective  gage. 

Figure  13  shows  a  representative  pressure-time  plot  for  the  four  chamber  pressure 
measurements  in  Round  2.  Note  that  the  quasi-steady-state  level  of  P1L  and  P1R,  as  well  as  the 
level  of  P3L  and  P3R,  nearly  overlay  when  looking  at  the  plot.  Table  5  shows  the  results  of  the 
three  shot  baseline  series  using  6211  gages  and  the  Dow  Coming  high  vacuum  silicone  grease. 
The  results  of  this  series  demonstrates  that  the  quasi-steady-state  pressure  level  in  the  chamber 
agree  within  about  1%.  This  also  implies  that  the  gage  calibration,  gage  linearity,  mounting 
torque  repeatability,  and  measurement  process  are  good  to  about  1%. 


Figure  13.  Combustion  Chamber  Pressure-time  Data  for  Round  2. 
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Table  5.  Combustion  Chamber  Pressure  Data  For  Rounds  1-3. 


■ 

Gage 

Type 

Filler 

Mat'l* 

Round  1 

Round  2 

Round  3 

Average 

Pm  ax 
MPa 

PL -PR 
MPa  {%) 

Pmax 

MPa 

PL -PR 
MPa  (%) 

Pmax 

MPa 

PL  -  PR 
MPa  (%) 

Pmax 

MPa 

PL-PR 
MPa  (%) 

P1L 

6211 

1 

425.5 

430.6 

425.1 

427.1 

KMAil 

BHEB1 

P1R 

6211 

1 

430.1 

432.0 

432.9 

431.7 

■ 

P3L 

6211 

1 

415.0 

416.3 

419.2 

416.8 

+3.4  (0.8) 

+2.6  (0.6) 

-0.6  (0.1) 

+1.8  (0.4) 

P3R 

6211 

1 

411.6 

413.7 

419.8 

415.0 

*  see  Table  3  for  filling  material 


The  next  three  series  of  firings  were  done  to  evaluate  the  other  filling  materials  listed  in 
Table  3. 

Rounds  4-6  made  use  of  621 1  pressure  transducers  in  all  four  positions.  Wolfs  Head 
#2917  Grease  was  used  in  positions  P1L,  P1R,  and  P3R  and  the  Dow  Coming  high  vacuum 
grease  was  once  again  used  in  P3L.  The  results  of  these  three  tests  are  shown  in  Table  6.  They 
again  show  a  good  comparison  within  the  P  1-plane  between  the  level  of  the  quasi-steady-state 
pressure  when  this  grease  is  used  (compare  P1L  to  P1R).  In  addition,  there  does  not  appear  to 
be  any  appreciable  difference  in  the  level  of  the  quasi-steady-state  pressure  when  comparing  the 
Dow  Coming  high  vacuum  grease  (P3L)  and  the  Wolfs  Head  #2917  grease  (P3R). 


Table  6.  Combustion  Chamber  Pressure  Data  For  Rounds  4-6. 


■ 

Gage 

Wpe 

Filler 

Mat'l* 

Round  4 

Round  5 

Round  6 

Average 

■ 

Pmax 

MPa 

PL-PR 
MPa  (%) 

Pmax 

MPa 

PL-PR 
MPa  (%) 

Pmax 

MPa 

PL-PR 
MPa  (%) 

Pmax 

MPa 

PL-PR 
MPa  (%) 

P1L 

6211 

2 

433.1 

441.2 

441.6 

438.6 

EMl)l 

■USES 

-6.3  (1.4) 

P1R 

6211 

2 

438.6 

446.7 

447.9 

444.4 

P3L 

6211 

1 

420.7 

429.9 

430.5 

427.0 

mm* 

-1.2  (0.3) 

ggan 

P3R 

6211 

2 

426.0 

431,1 

437.5 

■i 

431.5 

*  see  Table  3  for  filling  material 
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Rounds  7-9  again  made  use  of  621 1  pressure  transducers  in  all  four  positions.  Pennzoil 
#705  multipurpose  lubricant  was  used  in  positions  P1L,  P1R,  and  P3R  and  the  Dow  Coming 
high  vacuum  grease  was  once  again  used  in  P3L.  The  results  of  these  three  tests  are  shown  in 
Table  7.  They  show  a  good  comparison  within  the  Pl-plane  between  the  level  of  the  quasi- 
steady-state  pressure  when  this  grease  is  used  (compare  P1L  to  P1R).  In  addition,  there  does  not 
appear  to  be  any  appreciable  difference  in  the  level  of  the  quasi-steady-state  pressure  when 
comparing  the  Dow  Coming  high  vacuum  grease  (P3L)  and  the  Pennzoil  #705  multipurpose 
lubricant  (P3R). 


Table  7.  Combustion  Chamber  Pressure  Data  For  Rounds  7-9. 


■ 

Gage 

. Typ 

Filler 

Mat’l* 

Round  7 

Round  8 

Round  9 

Average 

■ 

Pmax 

MPa 

PL -PR 
MPa  (%) 

Pmax 

MPa 

PL -PR 
MPa(%) 

Pmax 

MPa 

PL -PR 
MPa  (%) 

Pmax 

MPa 

PL -PR 
MPa  (%) 

P1L 

6211 

3 

442.4 

434.6 

449.1 

442.0 

-7.9  (1.8) 

-3.9  (0.9) 

-1.8  (0.4) 

-4.6  (1.0) 

P1R 

6211 

3 

450.3 

438.5 

450.9 

446.6 

P3L 

6211 

1 

437.8 

421.9 

428.6 

429.4 

+2.4  (0.6) 

-5.9  (1.4) 

-6.1  (1.4) 

-3.2  (0.7) 

P3R 

6211 

3 

435.4 

427.8 

434.7 

432.6 

*  see  Table  3  for  filling  material 


Rounds  10-12  again  made  use  of  621 1  pressure  transducers  in  all  four  positions. 
Nonfluid  Oil  Corp.  ZL2  multipurpose  grease  was  used  in  positions  P1L,  P1R,  and  P3R  and  the 
Dow  Coming  high  vacuum  grease  was  once  again  used  in  P3L.  The  results  of  these  three  tests 
are  shown  in  Table  8.  They  again  show  good  comparison  within  the  Pl-plane  between  the  level 
of  the  quasi-steady-state  pressure  when  this  grease  is  used  (compare  P1L  to  P1R).  However, 
there  does  appear  to  be  about  a  3%  difference  (as  compared  to  about  1%  for  previous  filling 
materials)  in  the  level  of  the  quasi-steady-state  pressure  when  comparing  the  Dow  Coming  high 
vacuum  grease  (P3L)  and  the  Nonfluid  Oil  Corp.  ZL2  multipurpose  grease  (P3R).  Apparently, 
the  properties  of  this  grease  are  different  enough  from  the  others  that  a  pressure  difference  can 
be  detected.  The  exact  properties  of  the  ZL2  multipurpose  grease  were  not  available  to  the 
investigators. 
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Table  8.  Combustion  Chamber  Pressure  Data  For  Rounds  10-12. 


Gage 

Type 

Filler 

Matl* 

Round  10 

Round  11 

Round  12 

Average 

■ 

Pmax 

MPa 

PL -PR 
MPa  (%) 

Pmax 

MPa 

PL -PR 
MPa  (%) 

Pmax 

MPa 

PL -PR 
MPa  (%) 

Pmax 

MPa 

PL -PR 
MPa  (%) 

1311 

6211 

4 

459.2 

450.8 

457.5 

455.0 

+1.1  (0.2) 

IBE-KOmi 

No  Data 

-0.2  (0.0) 

P1R 

6211 

4 

458.1 

452.2 

No 

455.2 

P3L 

6211 

i 

431.8 

426.6 

432.8 

430.4 

P3R 

6211 

4 

449.1 

436.8 

445.5 

■■■■ 

443.8 

*  see  Table  3  for  filling  material 


4.5  Effects  of  Pressure  Transducer  Type  on  the  Chamber  Pressure  Measurement.  The  final 
series  was  performed  to  evaluate  the  differences  in  two  popular  pressure  transducers  used  in  the 
large-caliber  gun  test  business.  Rounds  13-15,  and  17  (in  16  there  was  a  long  ignition  delay 
caused  by  the  primer)  made  use  of  the  Kistler  6211  piezoelectric  pressure  transducer  (quartz)  in 
P1L  and  P3R  and  the  E30MA  piezoelectric  pressure  transducer  (Yuma  Proving  Ground, 
tourmaline)  in  P1R  and  P3L.  Dow  Coming  high  vacuum  grease  was  used  in  P1L  and  P1R. 
Wolfs  Head  #2917  was  used  in  P3L  and  P3R. 

Figure  14  shows  a  plot  of  the  pressure-time  data  for  Round  13.  As  can  be  seen  in  the 
figure,  there  is  an  appreciable  difference  in  the  quasi-steady  state  pressures  recorded  in  the  samp. 
plane  with  different  transducers.  The  results  of  these  four  tests  can  be  seen  in  Table  9.  The 
results  show  that  the  Kistler  6211  reads  about  a  5%  higher  quasi-steady-state  presssure  than  the 
E30MA  in  both  the  forward  and  rear  of  the  chamber.  The  question  remains  as  to  which  gage  is 
reading  the  more  correct  quasi-steady-state  pressure  level.  This  measurement  discrepancy  has 
been  experienced  by  other  investigators^'^  who  have  not  been  able  to  answer  the  question. 
In  the  120-mm  firings  presented  here,  copper  crusher  gages  were  also  used  to  measure  the 
maximum  chamber  pressure.  The  chamber  pressures  read  from  these  gages  were  always 
between  the  values  given  by  the  two  piezoelectric  gages.  Typically,  the  Kistler  6211  read  about 
3%  higher  than  the  copper  cmshers  and  the  E30MA  read  about  2  %  lower  than  the  copper 
crushers.  The  linearity  of  the  two  gages  is  approximately  the  same  (+/- 2%)  and  could  be  a 
possible  cause  for  the  discrepancy  if  one  gage  was  high  and  the  other  low. 
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TIME 

Figure  14.  Combustion  Chamber  Pressure-time  Data  for  Round  13. 


Table  9.  Combustion  Chamber  Pressure  Data  For  Rounds  13-15,  and  17. 


■ 

Gage 

Type 

Filler 

Mat'l 

Round  13 

Round  14 

Round  15 

Round  17 

Average 

■ 

■ 

Pmax 

MPa 

PL-PR 
MPa  (%) 

Pmax 

MPa 

PL-PR 
MPa  (%) 

Pmax 

MPa 

PL-PR 
MPa  (%) 

Pmax 

MPa 

PL-PR 
MPa  (%) 

Pmax 

MPa 

PL-PR 
MPa  (%) 

P1L 

6211 

1 

444.0 

449.2 

441.1 

_ i 

433.3 

441.9 

+22.7(5.1) 

BB 

mum 

+21.8(4.9) 

P1R 

E30MA 

1 

418.0 

426.5 

421.5 

414.3 

420.1 

P3L 

E30MA 

2 

409.4 

416.3 

409.7 

407.3 

410.7 

>24.3  (5.6) 

-22.6  (5.1) 

EHMHI 

P3R 

6211 

2 

433.7 

438,9 

432.0 

426.5 

Eggl 

432.8 

*  see  Table  3  for  filling  material 


Based  on  the  combustion  chamber  pressure  data  presented  here,  it  appears  that  there  is  no 
appreciable  difference  in  the  Dow  Coming  High  Vacuum  Grease,  the  Wolfs  Head  #2917,  and 
the  Pennzoil  #705  multipurpose  lubricant  at  this  pressure  level.  There  was  an  indication  that  the 
Nonfluid  Oil  Corporation  ZL2  multipurpose  grease  was  responsible  for  a  3%  increase  in  the 
measured  quasi-steady-state  pressure  compared  to  the  same  measuring  system  with  Dow 
Coming  high  vacuum  grease.  It  was  also  determined  that  the  Kistler  621 1  pressure  transducers 
read  a  quasi-steady-state  pressure  level  5%  higher  than  the  E30MAs.  At  this  time,  it  is  not 
known  which  gage  reflected  the  more  accurate  pressure  level.  More  tests  are  planned  to  further 
analyze  other  transducers  in  additon  to  those  used  in  this  study  at  these  pressure  levels  as  well  as 
at  higher  pressure  levels  where  other  concerns  are  noted  in  the  literature.  14-17 


26 


5.0  CONCLUSIONS 


A  series  of  tests  was  performed  in  a  120-mm  cannon  to  characterize  the  effects  of 
transducer  type,  transducer  port  configuration,  thermal  protection  medium,  and  severe 
mechanical  forces  on  the  amplitude  and  frequency  response  of  the  pressure  measurement. 

These  tests  demonstrated  that  the  use  of  single-diameter  pressure  ports  with  cavity  depths  of 
0.254  mm  (0.010  in)  and  0.711  mm  (0.028  in )  will  more  accurately  characterize  the  oscillatory 
nature  of  the  pressure  measurement  than  would  the  use  of  a  single-diameter  port  with  a  cavity 
depth  of  1.600  mm  (0.063  in).  These  data  do  not  appear  to  tell  us  much  information  concerning 
the  application  of  the  simple  organ  pipe  equation.  However,  they  do  support  the  theory  that  as 
the  depth  of  the  single-diameter  cavity  gets  larger,  the  natural  frequency  of  the  cavity  gets  lower 
(not  necessarily  in  proportion  to  Cq/41). 

Tests  also  demonstrated  that  thermal  protective  gage  port  filling  material  have  a  profound 
effect  on  the  pressure  measurement  and  appears  to  cause  an  earlier  pressure  rise  than  can  be 
supported  by  projectile  location  determined  by  the  microwave  interferometer  data.  The  filling 
material  does  not  appear  to  have  any  effect  on  the  magnitude  of  ringing  seen  on  the  down-bore 
pressure  transducers  after  peak  pressure.  The  Kisder  607C  pressure  transducers  that  were 
exposed  to  the  very  high-temperature  combustion  environment  survived  quite  well.  During 
testing,  only  one  gage  had  to  be  replaced  and  that  was  due  to  a  bad  sealing  surface  on  the  gage. 
After  firing,  the  gages  were  re-calibrated  and  demonstrated  good  linearity  and  repeatability. 

A  portion  of  the  120-mm  test  plan  was  designed  to  determine  the  effects  of  different 
filling  materials  and  different  transducers  on  the  fidelity  of  the  quasi-steady-state  combustion 
chamber  pressure  measurement.  These  tests  demonstrated  that  the  quasi-steady-state  pressure 
level  in  the  chamber  can  be  measured  to  an  accuracy  of  about  1%  within  a  given  longitudinal 
location  in  the  combustion  chamber.  This  also  implies  that  the  gage  calibration,  gage  linearity, 
mounting  torque  repeatability,  and  measurement  process  are  good  to  about  1%.  There  does  not 
appear  to  be  any  appreciable  difference  in  the  level  of  the  quasi-steady-state  pressure 
measurement  when  comparing  the  Dow  Coming  high  vacuum  grease,  the  Wolfs  Head  #2917 
grease,  and  the  Pennzoil  #705  multipurpose  lubricant  However,  there  does  appear  to  be  about  a 
3%  difference  (as  compared  to  about  1%  for  previous  filling  materials)  in  the  level  of  the  quasi- 
steady-state  pressure  when  comparing  the  Dow  Coming  high  vacuum  grease  and  the  Nonfluid 
Oil  Corporation  ZL2  multipurpose  grease.  It  was  also  shown  that  the  Kistler  621 1  pressure 
transducer  (quartz)  reads  about  5%  higher  than  the  E30MA  pressure  transducer  (tourmaline)  in 
both  the  forward  and  rear  of  the  chamber.  On  average,  the  Kistler  6211  read  about  3%  higher 
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than  the  copper  crusher  gages  and  the  E30MA  read  about  2  %  lower  than  the  copper  crusher 
gages.  The  discrepancy  is  clear,  but  since  the  number  of  tests  was  small,  no  conclusion  can  be 
reached  as  to  which  gage  gives  the  most  correct  quasi-steady-state  pressure  level. 

The  results  of  these  tests  have  established  this  test  configuration  as  a  viable  diagnostic 
tool  that  can  be  used  for  future  pressure  measurement  phenomenology  studies.  More  research  is 
planned  to  further  evaluate  the  use  of  single-diameter  pressure  ports  to  characterize  the 
oscillatory  portion  of  the  pressure  measurement.  In  addition,  tests  are  planned  to  further  analyze 
other  transducer  types  in  addition  to  those  used  in  this  study  at  these  pressure  levels;  as  well  as  at 
higher  pressure  levels,  where  other  concerns  are  noted  in  the  literature.  14-17 


28 


6.0  REFERENCES 


1.  Knapton,  J.D.,  C.A.  Watson,  and  N.E.  Boyer.  "Pressure  Oscillations  During  The 
Interior  Ballistic  Firing  of  Regenerative  Liquid  Propellant  Guns."  BRL-TR-3322,  U.S.  Army 
Research  Laboratory,  Aberdeen  Proving  Ground,  MD,  March  1992. 

2.  Kisder  Instrumentation  Corporation,  "Operating  Instructions  for  Model  607C  High 
Pressure  Transducers."  Instrumentation  Manual,  Kistier  Instrumentation  Corporation,  Amherst, 
NY,  January  1986. 

3.  PCB  Piezotronics,  Inc.  "Operating  Instructions  of  Model  119A  High  Pressure 
Transducer."  Instrumentation  Manual,  PCB  Piezotronics,  Inc.,  Depew,  NY. 

4.  Benedetti,  G.  A.  "Dynamic  Response  of  a  Transducer  Mounted  at  One  End  of  an 
Acoustical  Cavity."  SAND92-8003,  Sandia  National  Laboratories,  Livermore,  CA,  April  1993. 

5.  Hugli,  H.  W.  "Frequency  Response  of  Piezoelectric  Transducers:  A  Practical 
Approach."  Kistier  Instrumentation  Corporation,  Amherst,  NY. 

6.  Rosenberger,  T.E.  "Workshop  Report:  Measurement  Techniques  in  Highly  Transient 
Spectrally  Rich  Combustion  Environments,  ARL-SR-18,  U.S.  Army  Research  Laboratory, 
Aberdeen  Proving  Ground,  MD,  September  1994. 

7.  Harris,  P.G.  "Characterization  of  the  Resonant  Response  of  Coated  Piezoelectric 
Pressure  Transducers."  Proceedings  of  the  30th  American  Institute  of  Aeronautics  and 
Astronautics  (AIAA)  Propulsion  Conference,  AIAA  94-3295,  Indianapolis,  IN,  June  1994. 

8.  Walton,  W.S.  "Improved  Standardized  Weapon  Chamber  Pressure  Measurement." 
APG-MT-5649,  U.S.  Army  Test  and  Evaluation  Command,  Aberdeen  Proving  Ground,  MD, 
April  1982. 

9.  Kistier  Instrumentation  Corporation,  "62 1 1  High-Pressure  Quartz  Transducers." 
Instrumentation  Manual,  Kistier  Instrumentation  Corporation,  Winterthur,  Switzerland , 
September  1984. 


29 


10.  Private  communications  with  Welton  "Red"  Phillips,  EC  III  Corporation,  Yuma, 
AZ,  November  1993. 

1 1.  Rosenberger,  T.E.,  and  R.L.  Martz,  "A  Method  for  the  Real-time  Measurement  of 
Projectile  In-bore  Velocity."  BRL-TR-3407,  U.S.  Army  Ballistic  Research  Laboratory, 
Aberdeen  Proving  Ground,  MD,  September  1992. 

12.  Juhasz,  A.A.,  C.D.  Bullock,  and  D.H.  Newhall,  "Calibration  of  Ballistic  Pressure 
Transducers."  Measurements  and  Control.  Issue  146,  pp.  123-127,  April  1991. 

13.  Juhasz,  A.A.,  and  C.D.  Bullock,  "Ballistic  Pressure  Transducers."  Measurements 
and  Control.  Issue  140,  pp.  123-127,  April  1990. 

14.  Kistler  Instrumentation  Corporation,  "Error  Sources  in  High  Pressure 
Measurements."  Kistler  Lecture  Seminar  Bulletin,  Kistler  Instrumentation  Corporation, 
Amherst,  NY,  December  1991. 

15.  McMullen,  K.  "Calibration  Data  on  Transducers."  U.S.  Army  Combast  Systems 
Test  Activity  Technical  Report,  CSTA-7388,  Aberdeen  Proving  Ground,  MD,  December  1992. 

16.  Pfaff,  S.P.  "Measurement  of  Frequency  Response  of  Pressure  Gages  by  a  High- 
Pressure  Shock  Tube  Technique."  BRL-MR-1 179,  U.S.  Army  Ballistic  Research  Laboratory, 
Aberdeen  Proving  Ground,  MD,  November  1958. 

17.  Walton,  W.S.  "A  Special  Study  of  Improvement  and  Validation  of  Transducers 
(Chamber  Pressure  Measurement)."  CSTA-7356,  U.S.  Army  Combat  Systems  Test  Activity, 
Aberdeen  Proving  Ground,  MD,  November  1992. 


NO.  OF 

COPIES  ORGANIZATION 

2  DEFENSE  TECHNICAL  INFO  CTR 
ATIN  DTIC  DDA 

8725  JOHN  J  KINGMAN  RD 
STE  0944 

FT  BELVOIR  VA  22060-6218 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
ATIN  AMSRL  OP  SD  TA 
2800  POWDER  MILL  RD 
ADELPHI MD  20783-1145 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 
ATTN  AMSRL  OP  SD  TL 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
ATTN  AMSRL  OP  SD  TP 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 


ABERDEEN  PROVING  GROUND 

5  DIR  USARL 

ATTN  AMSRL  OP  AP  L  (305) 


31 


NO.  OF 

COPIES  ORGANIZATION 

1  CHAIRMAN 

DOD  EXPLOSIVES  SAFETY  BD 
HOFFMAN  BLDG  1  RM  856  C 
2461  EISENHOWER  AVE 
ALEXANDRIA  VA  22331-0600 

1  HQS  US  ARMY  MATERIEL  CMD 

ATTN  AMCICP  AD  M  FISETTE 
5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

1  US  ARMY  BMDS  CMD 

ADVANCED  TECHLGY  CTR 
PO  BOX  1500 

HUNTSVILLE  AL  35807-3801 

1  OFC  OF  THE  PRODUCT  MGR 

155MM  HOWITZER  M109A6  PALADIN 
ATTN  SFAE  AR  HIP  IP 
MR  R  DE  KLEINE 
PCNTY  ARSNL  NJ  07806-5000 

3  PM  ADV  FIELD  ARTLRY  SYSTEM 

ATTN  SFAE  ASM  AF  E 
LTC  A  ELLIS 
T  KURIATA 
J  SHIELDS 

PCNTY  ARSNL  NJ  07801-5000 

1  PM  ADV  FIELD  ARTLRY  SYSTEM 
ATTN  SFAE  ASM  AF  Q  W  WARREN 
PCNTY  ARSNL  NJ  07801-5000 

1  COMMANDER 

US  ARMY  ARDEC 

PROD  BASE  MODERNIZATION  AGENCY 
ATTN  AMSMC  PBM  A  SIKLOSI 
PCNTY  ARSNL  NJ  07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 

PROD  BASE  MODERNIZATION  AGENCY 
ATTN  AMSMC  PBM  E  L  LAIBSON 
PCNTY  ARSNL  NJ  07806-5000 

1  PM  PEO  ARMAMENTS 

TANK  MAIN  ARMAMENT  SYSTEM 

ATTN  AMCPM  TMA 

PCNTY  ARSNL  NJ  07806-5000 


NO.  OF 

COPIES  ORGANIZATION 

1  PM  PEO  ARMAMENTS 

TANK  MAIN  ARMAMENT  SYSTEM 
ATTN  AMCPM  TMA  105 
PCNTY  ARSNL  NJ  07806-5000 

1  PM  PEO  ARMAMENTS 

TANK  MAIN  ARMAMENT  SYSTEM 
ATTN  AMCPM  TMA  120 
PCNTY  ARSNL  NJ  07806-5000 

1  PM  PEO  ARMAMENTS 

TANK  MAIN  ARMAMENT  SYSTEM 
ATTN  AMCPM  TMA  AS  H  YUEN 
PCNTY  ARSNL  NJ  07806-5000 

2  COMMANDER 
US  ARMY  ARDEC 
ATTN  SMCAR  CCH  V 
C  MANDALA 

E  FENNELL 

PCNTY  ARSNL  NJ  07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 

ATTN  SMCAR  CCH  T  L  ROSENDORF 
PCNTY  ARSNL  NJ  07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 

ATTN  SMCAR  CCS 

PCNTY  ARSNL  NJ  07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 

ATTN  SMCAR  AEE  J  LANNON 

PCNTY  ARSNL  NJ  07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 

ATTN  SMCAR  AES  S  KAPLOWITZ 

PCNTY  ARSNL  NJ  07806-5000 

5  COMMANDER 

US  ARMY  ARDEC 

ATTN  SMCAR  AEE  WW 

MMEZGER 

J  PINTO 

D  WIEGAND 

PLU 

CHU 

PCNTY  ARSNL  NJ  07806-5000 


32 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


14  COMMANDER 

US  ARMY  ARDEC 
ATTN  SMCAR  AEE  B 
D  DOWNS 
S  EINSTEIN 
S  WESTLEY 
S  BERNSTEIN 
J  RUTKOWSKI 
B  BRODMAN 
P  O’REILLY 
R  CIRINCIONE 
PHUI 
J  O’REILLY 
A  BRACUTI 
DCHUI 
HKERWIN 
R  KING 

PCNTY  ARSNL  NJ  07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 
ATTN  SMCAR  HFM 
E  BARRIERES 

PCNTY  ARSNL  NJ  07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 

ATTN  SMCAR  FSC  G  FERDINAND 

PCNTY  ARSNL  NJ  07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 
ATTN  SMCAR  FS  T  GORA 
PCNTY  ARSNL  NJ  07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 

ATTN  SMCAR  FS  DH  J  FENECK 

PCNTY  ARSNL  NJ  07806-5000 

5  COMMANDER 

US  ARMY  ARDEC 
ATTN  SMCAR  FSS  A 
R  KOPMANN 
BMACHEK 
STRAENDLY 
C  PERAZZO 
J  PORTARO 

PCNTY  ARSNL  NJ  07806-5000 


4  COMMANDER 

US  ARMY  ARDEC 
ATTN  SMCAR  FSN  N 
K CHUNG 
A  BAHIA 
R  LEE 
AREADDY 

PCNTY  ARSNL  NJ  07806-5000 

2  DIR 

BENET  LABS 
ATTN  SMCAR  CCB  RA 
G  P  O’HARA 
G  A  PFLEGL 

WATERVLIETNY  121894050 

1  DIR 
BENET  LABS 

ATTN  SMCAR  CCB  S  F  HEISER 
WATERVLIETNY  12189-4050 

2  COMMANDER 

US  ARMY  RSRCH  OFC 
ATTN  TECHNICAL  LIBRARY 
D  MANN 
PO  BOX  12211 

RSCHTRIPKNC  27709-2211 

1  CDR  USACECOM 

R&D  TECHNICAL  LIBRARY 
ATTN  ASQNC  ELC  IS  L  R  MYER  CTR 
FORT  MONMOUTH  NJ  07703-5301 

1  COMMANDANT 

US  ARMY  AVIATION  SCHOOL 
ATTN  AVIATION  AGENCY 
FORT  RUCKER  AL  36360 

1  PM  US  TANK  AUTOMOTIVE  CMD 

ATTN  AMCPM  ABMS  T  DEAN 
WARREN  MI  48092-2498 

1  PM  US  TANK  AUTOMOTIVE  CMD 

FIGHTING  VEHICLE  SYSTEMS 
ATTN  SFAE  ASM  BV 
WARREN  MI  48397-5000 

1  PM  ABRAMS  TANK  SYSTEM 

ATTN  SFAE  ASM  AB 
WARREN  MI  48397-5000 


33 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  DIRECTOR 

HQ  TRAC  RPD 

ATTN  ATCD  MA 

FORT  MONROE  VA  23651-5143 

1  DIRECTOR 

US  ARMY  TRAC  FT  LEE 
ATTN  ATRC  L  MR  CAMERON 
FORT  LEE  VA  23801-6140 

1  COMMANDANT 

US  ARMY  CMD  & 

GEN  STAFF  COLLEGE 

FORT  LEAVENWORTH  KS  66027 

1  COMMANDANT 

US  ARMY  SPCL  WARFARE  SCHL 
ATTN  REV  AND  TRNG  LIT  DIV 
FORT  BRAGG  NC  28307 

1  COMMANDER 

RADFORD  ARMY  AMMUNITION  PLANT 
ATTN  SMCAR  QA  HI  LIB 
RADFORD  VA  24141-0298 

1  COMMANDER 

US  ARMY  NGIC 
ATTN  AMXST  MC  3 
220  SEVENTH  STREET  NE 
CHRLTTESVLLE  VA  22901-5396 

1  COMMANDANT 

USAFAC&S 

ATTN  ATSF  CO  MW  E  DUBLISKY 
FT  SILL  OK  73503-5600 

1  COMMANDANT 

US  ARMY  ARMOR  SCHOOL 
ARMOR  AGENCY 

ATTN  ATZK  CD  MS  M  FALKOVITCH 
FORT  KNOX  KY  40121-5215 

1  US  ARMY  RSRCH  DEVELOPMENT 

&  STD  GROUP  UK 
ATTN  DR  ROY  E  REICHENBACH 
PSC  802  BOX  15 
FPO  AE  09499-1500 


2  CDR 

NAVAL  SEA  SYSTEMS  CMD 
ATTN  SEA  62R 
SEA  64 

WASH  DC  20362-5101 
1  CDR 

NAVAL  AIR  SYSTEMS  CMD 
ATTN  AIR  954  TECH  LIBRARY 
WASH  DC  20360 

4  CDR 

NAVAL  RSRCH  LAB 
ATTN  TECHNICAL  LIBRARY 
CODE  4410 
K  KAILAS  ANATE 
J  BORIS 
E  ORAN 

WASHINGTON  DC  20375-5000 

1  OFFICE  OF  NAVAL  RSRCH 

ATTN  CODE  473  R  S  MILLER 
800  N  QUINCY  STREET 
ARLINGTON  VA  22217-9999 

1  OFFICE  OF  NAVAL  TECHLGY 

ATTN  ONT  213  D  SIEGEL 
800  N  QUINCY  ST 
ARLINGTON  VA  22217-5000 

1  COMMANDER 

NAVAL  SURFACE  WARFARE  CTR 
ATTN  CODE  R  13  R  BERNECKER 
SILVER  SPRING  MD  20903-5000 

7  COMMANDER 

NAVAL  SURFACE  WARFARE  CTR 
ATTN  T  C  SMITH 
K  RICE 
S  MITCHELL 
S  PETERS 
J  CONSAGA 
C  GOTZMER 
TECHNICAL  LIBRARY 
INDIAN  HEAD  MD  20640-5000 

2  COMMANDER 

NAVAL  AIR  WARFARE  CTR 
ATTN  CODE  388 
C  F  PRICE 
T BOGGS 

CHINA  LAKE  CA  93555-6001 


34 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


4  COMMANDER 

NAVAL  SURFACE  WARFARE  CTR 

ATTN  CODE  G30  GUNS  &  MUNITIONS  DIV 

CODE  G32  GUNS  SYSTEMS  DIV 

CODE  G33  T  DORAN 

CODE  E23  TECHNICAL  LIBRARY 

DAHLGRENVA  22448-5000 

2  COMMANDER 

NAVAL  AIR  WARFARE  CTR 
ATTN  CODE  3895 
T  PARR 
R  DERR 

CHINA  LAKE  CA  93555-6001 

1  COMMANDER 

NAVAL  AIR  WARFARE  CTR 
INFORMATION  SCIENCE  DIV 
CHINA  LAKE  CA  93555-6001 

1  COMMANDING  OFFICER 

NAVAL  UNDERWATER  SYSTEMS  CTR 
ATTN  CODE  5B331  TECH  LIBRARY 
NEWPORT  RI  02840 

1  AFOSR  NA 

ATTN  J  TISHKOFF 
BOLLING  AFB  DC  20332-6448 

1  OLAC  PL  TSTL 

ATTN  D  SHIPLETT 
EDWARDS  AFB  CA  93523-5000 

3  ALLSCF 
ATTN  J  LEVINE 
L  QUINN 

T  EDWARDS 

EDWARDS  AFB  CA  93523-5000 

1  WLMNAA 

ATTN  B  SIMPSON 
EGLIN  AFB  FL  32542-5434 

1  WLMNME 

ENERGETIC  MATERIALS  BR 
2306  PERIMETER  RD 
STE  9 

EGLIN  AFB  FL  32542-5910 

1  WLMNSH 

ATTN  R  DRABCZUK 
EGLIN  AFB  FL  32542-5434 


2  NASA  LANGLEY  RSRCH  CTR 
ATTN  M  S  408 
W  SCALLION 
d  wrrcoFSKi 
HAMPTON  VA  23605 

1  DIRECTOR 

SANDIA  NATIONAL  LABS 
ATTN  DR  G  A  BENEDETTI  8741 
PO  BOX  969 

LIVERMORE  CA  94551-0969 

1  CENTRAL  INTELLIGENCE  AGENCY 

OFC  OF  THE  CENTRAL  REFERENCES 
DISSEMINATION  BRANCH 
ROOM  GE  47  HQS 
WASHINGTON  DC  20502 

1  CENTRAL  INTELLIGENCE  AGENCY 

ATTN  J  BACKOFEN 
NHB  ROOM  5N01 
WASHINGTON  DC  20505 

1  SDIO  TNI 

ATTN  L  H  CAVENY 
PENTAGON 

WASHINGTON  DC  20301-7100 

1  SDIO  DA 
ATTN  E  GERRY 
PENTAGON 

WASHINGTON  DC  21301-7100 

2  HQ  DNA 
ATTN  D  LEWIS 
A  FAHEY 

6801  TELEGRAPH  RD 
ALEXANDRIA  VA  22310-3398 

1  THE  UNIV  OF  AUSTIN  TEXAS 
INSTITUTE  FOR  ADVANCED  TECHLGY 
ATTN  T  M  KIEHNE 

4030  2  W  BRAKER  LANE 
AUSTIN  TX  78759-5329 

2  CPIAJHU 

ATTN  H  J  HOFFMAN 
T  CHRISTIAN 

10630  LITTLE  PATUXENT  PKWY 
SUITE  202 

COLUMBIA  MD  21044-3200 


35 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  AFELM  THE  RAND  CORP 

ATTN  LIBRARY  D 
1700  MAIN  STREET 
SANTA  MONICA  CA  90401-3297 

1  BRIGHAM  YOUNG  UNIV 

ATTN  M  BECKSTEAD 
DEPT  OF  CHEMICAL  ENGRG 
PROVO  UT  84601 

1  CALIF  INSTITUTE  OF  TECHLGY 

ATTN  L  D  STRAND  MS  125  224 
JET  PROPULSION  LAB 
4800  OAK  GROVE  DRIVE 
PASADENA  CA  91109 

1  CALIF  INSTITUTE  OF  TECHLGY 
ATTN  F  E  C  CULICK 

204  KARMAN  LAB 
MAIN  STOP  301  46 
1201  E  CALIFORNIA  STR 
PASADENA  CA  91109 

3  GEORGIA  INSTITUTE  OF  TECHLGY 

SCHOOL  OF  AEROSPACE  ENGRG 
ATTN  B  T  ZIM 
E  PRICE 
WCSTRAHLE 
ATLANTA  GA  30332 

2  UNIV  OF  ILLINOIS 
ATTN  H  KRIER 

R  BEDDINI 

DEPT  OF  MECH  INDUSTRY  ENGRG 
144  MEB  1206  N  GREEN  ST 
URBANAIL  61801-2978 

1  UNIV  OF  MASSACHUSETTS 

ATTN  K  JAKUS 

DEPT  OF  MECHANICAL  ENGRG 
AMHERST  MA  01002-0014 

1  UNIV  OF  MINNESOTA 

ATTN  E  FLETCHER 
DEPT  OF  MECHANICAL  ENGRG 
MINNEAPOLIS  MN  55414-3368 

1  RENSSELAER  POLYTECHNIC  INSTITUTE 

DEPT  OF  MATHEMATICS 
TROY  NY  12181 


4  PENNSYLVANIA  STATE  UNIV 
ATTN  V  YANG 
K  KUO 
CMERKLE 
G  SETTLES 

DEPT  OF  MECHANICAL  ENGRG 
UNIVERSITY  PARK  PA  16802-7501 

1  STEVENS  INSTITUTE  OF  TECHLGY 

ATTN  R  MCALEVY  ffl 
DAVIDSON  LABORATORY 
CASTLE  POINT  STATION 
HOBOKEN  NJ  07030-5907 

1  RUTGERS  UNIVERSITY 

ATTN  S  TEMKIN 

DEPT  OF  MECH  AND  AEROSPACE  ENGRG 
UNIVERSITY  HEIGHTS  CAMPUS 
NEW  BRUNSWICK  NJ  08903 

1  UNIV  OF  UTAH 

ATTN  A  BAER 

DEPT  OF  CHEMICAL  ENGRG 
SALT  LAKE  CITY  UT  84112-1194 

1  WASHINGTON  STATE  UNIV 

ATTN  C  T  CROWE 
DEPT  OF  MECHANICAL  ENGRG 
PULLMAN  WA  99163-5201 

1  ARROW  TECHLGY  ASSOC  INC 
ATTN  W  HATHAWAY 

PO  BOX  4218 

SOUTH  BURLINGTON  VT 

05401-0042 

2  AAI  CORPORATION 
ATTN  JFRANKLE 
D  CLEVELAND 

PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

2  ALLIANT  TECHS YSTEMS  INC 

ATTN  R  E  TOMPKINS 
J KENNEDY 
600  SECOND  ST  NE 
HOPKINS  MN  55343 

1  AVCO  EVERETT  RSRCH  LAB 

ATTN  D  STICKLER 
2385  REVERE  BEACH  PKWY 
EVERETT  MA  02149-5936 
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1  ECm  CORPORATION 

ATTN  WELTON  PHILLIPS 
PO  BOX  6546 
YUMA  AZ  85366 

1  ENDEVCO 

ATTN  MR  JOHN  WILSON 
700  RANCHO  VIEJO  RD 
SAN  JUAN  CAPISTRANO  CA 
92675 

1  GENERAL  APPLIED  SCIENCES  LAB 

ATTN  J  ERDOS 
77  RAYNOR  AVE 
RONKONKAMA  NY  11779-6649 

5  LOCKHEED  MARIETTA  DEF  SYS 

ATTN  JMANDZY 
IMAGOON 
P  JORDAN 
D  COOK 
R  PATE 

100  PLASTICS  AVE 
PITTSFIELD  MA  01201-3698 

1  IITRI 

ATTN  M  J  KLEIN 
10  W  35TH  STREET 
CHICAGO  IL  60616-3799 

4  HERCULES  INC 
ATTN  L  GIZZI 
D  A  WORRELL 
W  J  WORRELL 
C CHANDLER 

RADFORD  ARMY  AMMO  PLANT 
RADFORD  VA  24141-0299 

2  HERCULES  INC 

ATTN  WILLIAM  B  WALKUP 
THOMAS  F  FARABAUGH 
ALLEGHENY  BALLISTICS  LAB 
PO  BOX  210 

ROCKET  CENTER  WV  26726 

1  HERCULES  INC 

ATTN  R  CARTWRIGHT 
AEROSPACE 
100  HOWARD  BLVD 
RENVILLE  NJ  07847 


1  HERCULES  INC 

ATTN  B  M  RIGGLEMAN 
HERCULES  PLAZA 
WILMINGTON  DE  19894 

2  KISTLER  INSTRUMENTATION  CORP 
ATTN  JOHN  KUBLER 

RICH  CADILLE 
75  JOHN  GLENN  DR 
AMHERST  NY  14228-2171 

1  MBR  RESEARCH  INC 

ATTN  DR  MOSHE  BEN  REUVEN 
601  EWING  ST  SUITE  C  22 
PRINCETON  NJ  08540 

1  OLIN  CORPORATION 

ATTN  F  E  WOLF 
BADGER  ARMY  AMMO  PLANT 
BARABOOWI  53913 

3  OLIN  ORDNANCE 
ATTN  E  J  KIRSCHKE 
A  F  GONZALEZ 

D  W  WORTHINGTON 
PO  BOX  222 

ST  MARKS  FL  32355-0222 

1  OLIN  ORDNANCE 

ATTN  H  A  MCELROY 
10101  9TH  STREET  NORTH 
ST  PETERSBURG  FL  33716 

1  PAUL  GOUGH  ASSOC  INC 

ATTN  P  S  GOUGH 
1048  SOUTH  ST 
PORTSMOUTH  NH  03801-5423 

1  PCB  PIEZOTRONICS 

ATTN  MS  MARILYN  COOPER 
2738  W  MAIN  ST 
ALHAMBRA  CA  91801 

1  PCB  PIEZOTRONICS 

ATTN  MR  D  JAROS 
3425  WALDEN  AVE 
DEPEW  NY  14043 

1  PHYSICS  INTERNATIONAL  LIBRARY 

ATTN  H  WAYNE  WAMPLER 
PO  BOX  5010 

SAN  LEANDRO  CA  94577-0599 
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1  PRINCETON  COMBUSTION  RSRCH  LABS  INC 
ATTN  N  A  MESSINA 

PRINCETON  CORPORATE  PLAZA 
11  DEERPARK  DR  BLDG  IV  SUITE  119 
MONMOUTH  JUNCTION  NJ  08852 

3  ROCKWELL  INTRNTNL 

ATTN  BA08 
J  FLANAGAN 
J  GRAY 
R  B  EDELMAN 
ROCKETDYNE  DIV 
6633  CANOGA  AVE 
CANOGA  PARK  CA  91303-2703 

2  ROCKWELL  INTRNTNL  SCIENCE  CTR 
ATTN  DR  S  CHAKRAVARTHY 

DR  S  PALANISWAMY 
1049  CAMINO  DOS  RIOS 
THOUSAND  OAKS  CA  91360 

1  SAIC 

ATTN  M  PALMER 
2109  AIR  PARK  RD 
ALBUQUERQUE  NM  87106 

1  SOUTHWEST  RSRCH  INSTITUTE 

ATTN  J  P  RIEGEL 
6220  CULEBRA  ROAD 
SAN  ANTONIO  TX  78228-0510 

1  SVERDRUP  TECHLGY  INC 

ATTN  DR  JOHN  DEUR 
2001  AEROSPACE  PARKWAY 
BROOK  PARK  OH  44142 

3  THIOKOL  CORPORATION 
ATTN  R  WELLER 

R  BIDDLE 
TECH  LIBRARY 
ELKTON  DIVISION 
PO  BOX  241 

ELKTON  MD  21921-0241 

3  VERITAY  TECHLGY  INC 

ATTN  E  FISHER 
A  CRICKENBERGER 
J BARNES 

4845  MTLLERSPORT  HWY 
EAST  AMHERST  NY  14501-0305 


1  UNIVERSAL  PROPULSION  CO 

ATTN  H  J  MCSPADDEN 
25401  NORTH  CENTRAL  AVE 
PHOENIX  AZ  85027-7837 

1  SRI  INTERNATIONAL 

ATTN  TECH  LIBRARY 
PROPULSION  SCIENCES  DIV 
333  RAVENWOOD  AVE 
MENLO  PARK  CA  94025-3493 
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ATTN  ANTHONY  GIOVANETTI 
4800  EAST  RIVER  RD 
MINNEAPOLIS  MN  55421 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/answers 
to  the  items/questions  below  will  aid  us  in  our  efforts. 

1.  ARL  Report  Number  ARL-TR-914 _ Date  of  Report  December  1995 _ 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report 
will  be  used.) 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to 
organization,  technical  content,  format,  etc.) _ _ 


Organization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the 
Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 
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